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ABSTRACT The influence of the electrode potential on the electronic structure of individual single-walled
carbon nanotubes is studied using Raman spectroscopy. By analyzing the radial breathing mode intensity versus
electrode potential profiles in the Raman spectra at many different laser excitation energies, we show that the
charging of individual carbon nanotubes causes a broadening of the resonant Raman profiles (resonance window).
This effect is observed for both a semiconducting and a metallic tube. The broadening of the resonance Raman
profiles already begins at potentials where the first electronic states of a particular tube are filled or depleted. The
important consequence of this effect is a striking difference between the Raman intensity versus potential profiles
of metallic and semiconducting tubes. While for a metallic tube the intensity of the Raman signal is attenuated
at potentials which deviate slightly from 0 V, for a semiconducting tube, the Raman intensity is significantly
attenuated only after the electrode potential reaches the first van Hove singularity. Furthermore, for the metallic
tube, a strong asymmetry is found in the bleaching of the Raman signal with respect to positive and negative
potentials, which results from the different energy bandwidth for the 7v* band and the 77 band.
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fundamental understanding of the

changes of the electronic structure

of single-walled carbon nanotubes
(SWCNTSs) due to doping is crucial for tuning
their properties to fit specific applications.
Therefore, the doping of SWCNTSs has been
intensively studied for several years.' "2 In
situ Raman spectroelectrochemistry is a
well-established method for investigating
the change in the physical properties of
SWCNTSs during charging.? We have shown
previously that electrochemical charging
has a strong effect on perturbing the Ra-
man spectra of SWCNT bundles.? It is impor-
tant to distinguish between electrochemi-
cal charging and chemical doping. In the
latter case, the redox-active molecule
(chemical dopant) can penetrate into the in-
terior of carbon nanostructures. In some
cases (for example, in fullerene peapods),'®
the chemical doping is highly irreversible
and the chemical dopant cannot be com-
pletely removed even by extraction with a
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solvent. Electrochemical charging, on the
other hand, mimics a double layer capaci-
tor,” where the charge carriers are injected
into the nanotube from the electrode and
the electrolyte ions only compensate the in-
jected charge.

The main features of the Raman spectra
of SWCNTs are the radial breathing mode
(RBM), the disorder-induced mode (D), the
tangential modes (G* and G7), and the
double resonance mode (G’) occurring be-
tween 2600 and 2700 cm™'.'""2

The RBM band is of particular impor-
tance since its frequency scales with in-
verse tube diameter d, according to the
relation

gy = Ci/d, + G, (1

where the constant C; has been recently re-
ported to be in the range of 217 to 227
cm™ - nm (refs 13 and 14). The constant G,
(~15 cm™") is generally used to include the
effect of interactions between nanotubes
in bundled samples, and therefore, in the
case of individual isolated tubes, we expect
C, =~ 0 cm™ . For small diameter tubes, the
knowledge of the diameter and resonance
profile is sufficient to determine the chiral
indicies (n,m) of the particular nanotubes.
All other Raman modes for SWCNTs give
relatively little information which can be
used for their (n,m) assignment. Thus, in
most Raman studies of SWCNTSs, only the
RBM band is used to assign the tube (n,m)
indices, and this information is then used
for the interpretation of the chirality depen-
dence of other Raman modes.

Despite the large effort put into studies
on SWCNT doping, this process is not yet
well understood. In previous studies,®®'>1¢
in situ spectroelectrochemical measure-
ments have been typically performed on
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samples containing large
bundles of SWCNTs, which com-
plicated the interpretation of the
results, since the individual prop-
erties of specific tubes are then
averaged. Furthermore, nano-
tubes in a bundle have been
shown to exhibit different prop-
erties as compared to those of in-
dividual nanotubes.'” Therefore,
it is desirable to focus attention
on spectroelectrochemical stud-
ies of small bundles and ideally
of individual isolated carbon
nanotubes.>'®1?

The Raman spectra of SWCNTs
are resonantly enhanced.?® This

4.0 nm
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allows detection of a Raman sig- Figure 1. (A) Scanning electron micrograph of the as-grown SWCNTSs on a SiO,/Si substrate. (B) AFM

nal even from individual SWCNTs.
However, due to the one-
dimensional character of SWCNTs, the resonance en-
hancement may be strongly influenced by the nanotube
environment,?' which complicates the use of Raman
spectroscopy in SWCNT metrology. To overcome this
problem, it is crucial to study resonance Raman profiles
of SWCNTs and the role of the environment in detail. The
large variety of possible environments requires a system-
atic approach which would address the different effects of
the environment (such as stress, charge transfer) rather
than an empirical study of all possible environments. A
charge transfer between the nanotube’s surrounding and
the SWCNT presumably plays a crucial role. However, a
detailed study of the doping effects on nanotube reso-
nance Raman profiles, which would focus on individual
tubes, is still a great challenge.

In this paper, we report the effects of electrochemi-
cal charging on the RBM band in the Raman spectra of
individual semiconducting and metallic SWCNTs. We
show experimentally that the Raman intensity versus
potential profiles is significantly dependent on laser ex-
citation energy, which is a consequence of the change
in the resonant Raman profiles at different potentials.
We also demonstrate a striking difference between the
Raman intensity versus potential profiles of metallic and
semiconducting tubes as a consequence of their differ-
ent electronic structure. Our results pave the way for a
detailed understanding of the doping process in car-
bon nanotubes and also explain the observed striking
difference between the Raman intensity versus poten-
tial profiles of metallic and semiconducting carbon
tubes.

RESULTS AND DISCUSSION

Figure 1A shows a scanning electron microscope im-
age of SWCNTs grown by chemical vapor deposition
(CVD) directly on a SiO,/Si substrate. The nanotubes in
this image are typically parallel to each other and indi-
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image of an individual tube. The height of the tube is about 1.2 nm.

vidual, as can be seen in the AFM image (Figure 1B).
The distance between adjacent SWCNTSs is usually
greater than 10 pm. This geometry simplifies finding a
tube and also enables alignment of the laser polariza-
tion parallel to the SWCNT axis, which is important for
obtaining a reasonably strong Raman signal and for es-
tablishing a well-defined reproducible geometry for ef-
ficient data collection. It is generally difficult to com-
pletely exclude the situation where more than one tube
is present in the laser spot (0.5 wm in diameter) from
which Raman spectra are taken. However, for our analy-
sis, we selected the laser spot where only one RBM
band was present. Also, several laser lines were used
as probes to ensure that the laser spot does not con-
tain several tubes.
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Figure 2. Raman spectra of an individual semiconducting tube (S) at
different electrode potentials. The electrode potentials range from
—1.5to 1.5 V vs Ag/Ag™ (from bottom to top). The spectra are ex-
cited by 2.102 eV laser excitation energy. The electrochemical poten-
tial change between adjacent curves in the figure is 0.1 V, and the
spectrum at 0 V is highlighted. The spectra are offset for clarity, but
the intensity scale is the same for all spectra.
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Figure 3. lgsm Raman intensity vs potential profiles for the semicon-
ducting tube (S). The Raman spectra were excited using different la-
ser excitation energies, as indicated in the figure. The inset shows the
RBM and the tangential mode (G band) regions of the Raman spectra
of the studied individual SWCNT at 0 V vs Ag/Ag* for 2.102 eV laser ex-
citation energy.

Figure 2 shows the Raman spectra of an individual
semiconducting tube in the RBM frequency wggy re-
gion at different electrode potentials. The spectra are
excited by 2.102 eV laser energy excitation (Ejse,). The
most obvious effect of the electrode potential is a
change of the RBM intensity. The small change in wgrgw
as a function of electrode potential is discussed else-
where.?? The RBM mode in Figure 2 is bleached (or
shows a decrease in intensity) as the magnitude of the
potential is increased relative to V. = 0 V. The bleaching
is observed for both positive and negative electrode po-
tentials Ve, as shown in Figure 2. Note that in our pa-
per we always refer to the electrode potential (V) that
is applied to the SWCNT which serves as the working
electrode. Thus V. > 0 refers to hole doping and V. <
0 is for electron doping.

For a more detailed analysis, we plot the depen-
dence of the Raman intensity of the RBM (/ggy) on the
electrode potential in Figure 3. We show in Figure 3 the
Raman intensity/potential profiles for the RBM mode
of the same semiconducting (S) tube as in Figure 2, but
now excited also by other (different) laser excitation en-
ergies Epser. The inset of Figure 3 shows the RBM and
the tangential mode (G band) region of the Raman
spectra of the studied individual SWCNT at 0 V vs Ag/
Ag™ (Ve = 0) for Epaser = 2.102 eV. The RBM mode fre-
quency wggw is about 160 cm ™', which gives a diameter
d; of around 1.42 nm using the equation d, = 227/
wgram- We note that there is only one RBM band in the
Raman spectra for all probed laser excitation energies
and for all potentials. This further confirms that only one
individual SWCNT is in the laser spot. The line shape of
the lower component G~ of the tangential mode is nar-
row, which confirms the semiconducting character of
the tube. Considering the diameter of the tube to be
1.42 nm, it is suggested by the Kataura plot*>2* that
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Eser = 2.102 €V is in resonance with the Es3° transition
for this nanotube.

The observed dependence of the intensity/poten-
tial profile on Ej,, is shown in Figure 3 for the same
semiconducting tube as in Figure 2. The strongest
change of the Raman intensity with electrode poten-
tial Ve (i.e., the fastest bleaching) is observed if Ejser in
Figure 3 corresponds to the maximum of the resonance
profile (i.e., the spectrum taken with Ejuse, = 2.102 €V).
On the other hand, if Ej, is relatively far from the reso-
nance maximum, the bleaching of the RBM band inten-
sity induced by the electrochemical charging shows
only a weak dependence on electrode potential, Ve. This
is, for example, the case of the trace for Ejaser = 2.067
eV, where the bleaching of the Raman intensity of the
RBM band by the applied electrode potential V. is al-
most negligible.

Figure 3 also shows that the bleaching of the Ra-
man intensity of the RBM mode of the semiconducting
tube (S) is dependent on the magnitude of the elec-
trode potential V.. At low electrode potentials (up to a
potential of about =0.5 V), the bleaching of the /zgm
shows a relatively weak dependence on V.. Increasing
the magnitude of V, above =0.5V, and up to £0.8 V,
leads to an increased bleaching of the lggw by the ap-
plied V.. For the magnitude of the electrode potential
above about £0.8 V, the bleaching again decreases
slowly with increasing V.. Finally, at a potential of about
+1.0V, Irgm reaches the background level (where Irgm
is negligible), and thus further bleaching is not ob-
served when the magnitude of the potential is further
increased (from *=1.0 to =1.5V).

The offset in the start of the bleaching of the Ra-
man signal at low electrode potential (0.5 V) can be
rationalized by the presence of a band gap in the semi-
conducting tube. The band gap energy is expected to
be about 0.7 eV for the studied semiconducting nano-
tube. Therefore, the van Hove singularities would be
filled/depleted only if the Fermi level E¢ is shifted above
0.35 eV or below —0.35 eV relative to the neutrality
point. Assuming that V. = 0 V corresponds to Er = 0
and a 100% doping efficiency, an electrode potential
of V. above 0.35 V or below —0.35 V is needed to fill or
deplete the first van Hove singularities in the valence
and conduction bands, respectively. The doping effi-
ciency has been shown to be about 50—70%,%> which
rationalizes the slightly higher values of the electrode
potential that are found necessary to observe bleach-
ing of the Raman signal in our experiment. It is very im-
portant to note that the Raman signal of the studied
nanotube is enhanced when E ... matches the E;3° exci-
tonic transition, which is here probed by /ggy. The data
in Figure 3 make it clear that the filling/depleting of
electronic states which correspond to £;;° causes a sig-
nificant change of Iggy, Which is highly sensitive to the
Es3° transition. This experimental result is one of the cru-
cial findings of this paper since previous interpreta-
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tions of the bleaching assumed that the van Hove sin-
gularity which is in resonance with the laser excitation
energy (here E3;°) must be filled® to observe bleaching
of the Raman signal. From our present observations, we
conclude that our Iggy signal probes the filling and
empting of any electronic state.

In contrast, Figure 4 shows an example of the Ra-
man intensity versus potential profiles for a metallic
tube (M). Here the Raman spectra were excited using
different laser excitation energies ranging from Ej,se =
1.653 to 1.746 eV, which correspond to the energy in-
terval where this tube is in resonance with Ej,, (i.e., the
resonance window). The inset to Figure 4 shows the
RBM and the tangential mode (TG band) regions of the
Raman spectra of the studied individual (M) SWCNT at
0V vs Ag/Ag™ (Ve = 0) for Ejaser = 1.722 €V correspond-
ing to the maximum in /ggm. The G~ component of the
TG mode is significantly broadened (inset to Figure 4),
which confirms the metallic character of the tube. The
RBM peak frequency is close to 160 cm ™. Hence, the di-
ameter of the metallic tube (M) is similar to the diam-
eter d, of the semiconducting (S) tube shown in Figure
3 (d; = 1.42 nm).

For the metallic tube, the bleaching of the Iggy With
increasing magnitude of the electrode potential also ex-
hibits a dependence on Ej,s,. The maximum of the reso-
nance profile is close to Ejer = 1.722 €V, and thus the
bleaching of the Izgy is the fastest as a function of V. at
this laser excitation energy. On the other hand, a negli-
gible bleaching of the Iygy is found for Ejuger = 1.653 eV
(see Figure 4), which is relatively far from the energy
corresponding to the resonance maximum.

For the metallic tube, the bleaching of the Iggy is sig-
nificant already at the beginning of electrochemical
charging V. = 0 (for Ej,¢e Close to the energy of the reso-
nance maximum). This is in contrast to the semicon-
ducting tube (S) where the bleaching of the Iggy only
becomes significant for a potential greater than about
+0.35 V. The reason for this difference is that the metal-
lic tube does not have a band gap, and therefore, the
electrons may be injected or extracted from electronic
states by an infinitesimal shift of the Fermi level away
from E- = 0. Note that also for a metallic tube the
bleaching of the Raman signal occurs before the Fermi
level reaches the first van Hove singularity (£;™), which
is employed in the resonance enhancement of the Ra-
man signal of the studied metallic tube. In other words,
for the metallic tube, the filling of the electronic states
close to Er = 0 leads to a significant change in Iggy at
E;M.

Another difference between the metallic tube (Fig-
ure 4) and the semiconducting tube (Figure 3) is an
asymmetry of the Raman intensity versus potential pro-
files with respect to positive and negative potentials.
For the metallic tube, the bleaching of the Raman inten-
sity is faster during charging with positive potentials
than during charging with negative potentials. This
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Figure 4. Raman intensity Iggy Vs potential profiles for a metallic tube
(M). The Raman spectra were excited using different laser excitation
energies as indicated in the figure. The inset shows the RBM and the
tangential mode (TG band) regions of the Raman spectra of the stud-
ied individual SWCNT at 0 V vs Ag/Ag™ for Ej,ser = 1.722 eV, where the
RBM has maximum intensity.

asymmetry is consistent with the general fact that the
density of states for the ©* band is smaller (energy
bandwidth is larger) than that for the m band. (The dif-
ference of the energy band between  and 7 * comes
from the overlap matrix parameter s = 0.129 which
makes the conduction (valence) bandwidth large
(small).)?® In other words, for the * band, £z must be
moved more to inject a given amount of carriers than
for the 7 band. The asymmetry may also indicate that
the filling of the states with electrons is more difficult
(requires a higher magnitude of V) than depleting elec-
trons. It is important that this particular asymmetry is
not found for the semiconducting tube because it en-
sures that the asymmetry of the Raman intensity versus
potential profiles in the case of the metallic tube is not
caused by “extrinsic” effects such as the conductivity of
the electrolyte or the mobility of the electrolyte ions.
Further discussion of the different asymmetries be-
tween the S and M tubes is given below. Nevertheless,
even for the metallic tube (M), the Raman intensity ver-
sus potential profiles is broadened if the laser energy is
relatively far from the energy corresponding to the
resonance maximum, and this effect is, for example,
shown for the case of Ej.se; = 1.687 eV in Figure 4. Fur-
thermore, the maximum of the intensity versus poten-
tial profile is shifted toward higher potentials for laser
excitation energies which are relatively far from the en-
ergy of the resonance maxima, such as in the case of E,-
ser = 1.676 €V in Figure 4. Similar to the case of the semi-
conducting tube (S), at a potential V. of about =1V, the
Irem for the metallic tube (M) reaches the background
level and the signal is difficult to distinguish from the
background. We assume that at a potential V. of about
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Figure 5. Raman intensity Iggy Vs laser excitation energy profiles for the semiconducting (S) tube for positive potentials (a)
and for negative potentials (b). The normalized Raman intensity Izgy vs laser excitation energy profiles for the semiconduct-
ing (S) tube for positive potentials (c) and for negative potentials (d), in which the Raman intensity for each curve is normal-

ized to Iggy at 2.102 eV.

+1 V the E; transition is completely blocked by filling
the E;M valence sub-band or depleting the E;™ conduc-
tion sub-band.

The Raman resonance profiles for the semiconduct-
ing (S) tube at different electrode potentials are shown
in Figure 5a,b. We also show these resonance profiles at
the same values of V, in Figure 5¢,d, but here the data
are normalized to the /ggy at 2.102 eV for each value of
Ve.

It is obvious in Figure 5 that the electrode potential
significantly influences the resonance Raman Iggm/Ejaser
profiles. It seems visually that increasing the magnitude
of the electrode potential causes a broadening of the
resonance Raman profile for S tubes in Figure 5. The ef-
fect is observed for both positive and negative charg-
ing of the semiconducting nanotube. Furthermore, for
high positive potentials (0.7 and 0.8 V), where hole dop-
ing occurs, there is a shift of the resonance maxima to
lower energies. This effect is much less pronounced for
negative potentials.

The shift of the resonance maxima may indicate a
change in the Es3® transition due to the filling/deplet-
ing of states in the E;° band. A change of the E;° as a
consequence of electrochemical doping has been sug-
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gested previously.'® (Note that the filling/depleting of
E5® was assumed in ref 16.) The consequences of the E;°
change with E;* filling/depleting should also be ob-
served in the spectroelectrochemical behavior of
samples containing a broad diameter distribution of
SWCNTs. For such a bundle sample and a given laser ex-
citation energy, it is expected that a few tubes will be
close to perfect resonance, while other tubes will be
within the resonance window, but more or less out of
resonance on either side of the resonance maximum. If
the E; changes during the charging of the sample, the sig-
nal from tubes in perfect resonance would decrease in in-
tensity. The change of the RBM signal of the tubes slightly
off-resonance would depend on the relative position of
their E; with respect to Ejuer. Since there is a random dis-
tribution of (n,m) tubes in the bundled sample, the Irgy of
some of these tubes should decrease in intensity and

the Iggm of other tubes should increase in intensity as
Eiaser is changed. However, the observed overall signal of
the RBM bands for nanotube bundles is typically de-
creased and no significant increase of gy is observed as
the magnitude of the electrode potential is increased.’
Our results on individual nanotubes in the present work
indicate that the change in E;® with V, is small, and at the
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Figure 6. Raman intensity /gy vs laser excitation energy profiles for the metallic (M) tube for positive potentials (a) and for
negative potentials (b). The normalized Raman intensity Iggy vs laser excitation energy profiles for the metallic (M) tube for
positive potentials (c) and for negative potentials (d), in which the Raman intensity for each curve is normalized to gy at

1.722 eV.

same time, our present results confirm that the change
of E;? is not a dominant reason for the bleaching of the Ra-
man signal.

As mentioned above, our present results also indi-
cate that the resonance Raman profile is broadened as
the magnitude of the electrode potential is increased.
This could be a consequence of the broadening of the
van Hove singularities/excitonic levels during electro-
chemical charging. If the van Hove singularity, which
corresponds to the E;° that is in resonance with the la-
ser excitation energy, is broadened, the signal should
be decreased since the density of states at this particu-
lar singularity would be reduced. Our explanation is also
consistent with observations on nanotube bundles
with a broad diameter distribution since the van Hove
singularities would then be broadened for all tubes, and
bleaching of the Raman signal would only be expected
as the magnitude of electrode potential is increased.

Figure 6 shows the Raman resonance profiles (pan-
els a and b) and normalized Raman resonance profiles
(panels c and d) as a function of Ej,, for the metallic
tube (M). The metallic tube exhibits significant broaden-
ing of the resonance profile as the magnitude of the
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electrode potential is increased. There is also a shift of
the resonance maxima to lower energies, which is even
larger than in case of semiconducting SWCNTSs. We sug-
gest that for semiconducting tubes the change of E;
may be partly compensated by a simultaneous change
of the exciton binding energy. For metallic tubes, the ef-
fect of the exciton is not present or is much weaker
and therefore a stronger shift of the resonant maxima
can be rationalized.

The broadening of resonance profile is a major find-
ing of the present work. Therefore, we analyzed the
broadening in more detail. The full width at half-
maximum (fwhm) line width was evaluated for each
curve in Figure 6¢,d. A plot of the dependence of the
fwhm on the electrode potential is then shown on Fig-
ure 7. Note that the fwhm was evaluated neglecting
possible two peak structures contained within the
curves in Figures 5c,d and 6c¢,d. An obvious trend seen
in Figure 7 is an increase in the fwhm line width with in-
creasing magnitude of the electrode potential. The in-
crease of the fwhm with V, is gradual, which is consis-
tent with a broadening that depends on the amount of
doping-induced charge carriers. For the semiconduct-
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for the M tube (Figure 6b,d), but in
contrast, no significant shift is seen
for the S tube (Figure 5b,d).

The two peak structure of the reso-
nance profile in Figures 5 and 6 might
result simply from the conditions of
the resonance with the incident or
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semiconducting tube (S) studied in the present work.

ing tube, there is an offset in electrode potential in Fig-
ure 7 before the broadening begins to be significant,
which is consistent with the results of Figure 3.

For both the semiconducting and metallic tube, the
broadening is steeper for positive charging. This is con-
sistent with the bleaching behavior of the lggy which is
also more pronounced for positive doping. Both profiles
also exhibit asymmetry with respect to the maximum
intensity, which is consistent with our general expecta-
tion that the energy bandwidth for the =* band is larger
than that for the 7 band. The value of the fwhm at V.
= *0.9 Vis nearly twice as large as the minimum value
of the fwhm which occurs at about V, = 0.2 V.

The shift of the maxima of the resonance profile in
Figures 5 and 6 to lower Ej,sr energies at high anodic
potentials (0.7—0.9 V) is also clearly seen. Furthermore,
for the metallic tube, the shift of the resonance maxi-
mum is continuous and presumably results in develop-
ing a new peak at about 1.70 eV (Figure 6). On the other
hand, for the case of the semiconducting tube, the reso-
nance profiles in Figure 5 hardly change until V. reaches
0.4 or —0.3 V for positive and negative V,, respectively,
and we observed an abrupt shift of the resonance maxi-
mum at positive potentials from 0.7 to 0.8 V. For nega-
tive potentials, there is a shift of the maximum in /gy

Raman intensity, a. u.

0.5 0.0 0.5
Electrode potential, V

Figure 8. Plot of the dependence of the Izgy intensity of the peaks at
1.70 and 1.72 eV on electrode potential. These peaks were obtained by
fitting the curves in Figures 6a,b with two Lorentzian line shape
components.
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Electrode potential, V

Figure 7. Plot of the dependence of the fwhm of the normalized Raman intensity /ggw/laser ex-
citation energy profiles on electrode potential (left) for the metallic tube (M) and (right) for the

scattered photon since the peak sepa-
ration, 0.02 eV, is close to the energy of
the RBM phonon. In Figure 8, we show
the resonance profile as a function of
V. for the metallic nanotube for 1.70
and 1.72 eV laser energy values. Al-
though the lrgy Raman intensity values scatter as a func-
tion of V., we can say that the peak Iggy position for
Eiaser = 1.70 and 1.72 eV is the same within the experi-
mental error bar, which confirms that E; does not
change much as a function of V.. It is significant that
both peaks in Iggy are bleached with a similar profile as
a function of electrode potential, though the /gy inten-
sity maxima for the two curves are quite different.

The broadening of the van Hove singularities or of
the excitonic states with an increase in the magnitude
of Ve may be understood by two possible explanations.
One possible reason is a special effect of the RBM mode.
The excitation of the RBM phonons induces a radial
atomic motion which modifies the E; values because
the E; values are inversely proportional to the diameter.
Thus, the RBM vibration itself broadens the E; values.
The change of E; by the RBM vibration is generally inde-
pendent of the RBM phonon energy. However, when
the change of E; matches the RBM phonon energy, we
expect a resonance effect which enhances the Raman
intensity. This resonance effect is different from the
concept of incident and scattered resonance condi-
tions. In fact, this special resonance occurs only for the
RBM in a nanotube since the atomic displacements as-
sociated with other phonon modes, such as the G band,
vibration does not change E;. This special resonance ef-
fect on the RBM may depend on doping, which is rel-
evant to an Er dependence of the broadening. The
other possibility for the broadening is due to the
screening or the additional Coulomb interaction be-
tween the e—h pair and doped carriers. The real part
of this interaction is generally understood by an energy
shift of the exciton energy E; which is commonly ob-
served in the different case of an environmental effect
in which the dielectric response from a surfactant
changes E; by up to 50 meV.?” However, in electro-
chemical doping, we expect that the real part of the
Coulomb interaction should be much smaller than that
for the environmental effect. On the other hand, the
imaginary part of the Coulomb interaction, which is
generally known as the Coulomb interaction energy,
makes the lifetime of the exciton states shorter, and this
shortened lifetime corresponds to the broadening of
the excitonic levels. From a previous calculation of the
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exciton, we know that the self-energy of the exciton is
proportional to |E¢|,*® which is consistent with the
present experimental results that the broadening oc-
curs for both positive and negative values of V. On the
other hand, a broadening will decrease the band gap.
A further investigation of these effects will be reported
elsewhere.

CONCLUSION

In conclusion, we used /gy as a probe to exam-
ine the effects of filling and emptying of the elec-
tronic states of S and M tubes. An electrode poten-
tial applied to the tubes was used to fill/deplete
electronic states. We show that the bleaching of
the Irgm during application of an electrode potential
Ve is indeed related to the depleting/filling of va-
lence and conduction electronic states. This bleach-
ing results from a change in the carrier density of the
SWCNT. However, these particular states may lie be-
low the energy of the van Hove singularity, which
is employed in the resonance enhancement of the
Raman spectra. There is a striking difference be-
tween the Raman intensity versus potential profiles
between metallic and semiconducting tubes. For a
metallic tube, the intensity of the Raman signal is al-
ready attenuated at potentials that deviate only
slightly from V. = 0 V since state filling/depleting
can already start at Er = 0 in this case. In contrast,
for a semiconducting tube, the Raman intensity is
significantly attenuated only after the electrode po-
tential reaches the first van Hove singularity. This is a
fundamental difference between semiconducting
and metallic tubes, and thus the Iggy versus poten-
tial profiles might be used to distinguish between
metallic and semiconducting tubes.

We also show that the effect of charging on lggu
and on the resonance enhancement of the spectra is
significantly dependent on the laser excitation energy.
The effect of nanotube charging on Iggy is the strongest

EXPERIMENTAL SECTION

SWCNTs were synthesized directly on a SiO,/Si substrate us-
ing Fe as a catalyst. For the electrochemical charging experi-
ments, SWCNTs were directly grown on the substrate, which was
subsequently contacted using Au evaporated on a part of the
substrate, and served as a working electrode. The cell was com-
pleted with a Pt counter electrode and a Ag wire pseudorefer-
ence electrode. The electrolyte gel was 0.1 M LiClO, dissolved in
dry propylenecarbonate/PMMA (PMMA = polymethylmethacry-
late, Aldrich). Electrochemical charging of the working electrode
on which SWCNTSs were placed was carried out by varying the
applied potential V. between —1.5 and 1.5 V versus a Ag pseu-
doreference electrode (PAR potentiostat). Note that we used a
three-electrode system and measure in the potentiostatic re-
gime, hence no current is flowing during the measurement
through the reference electrode. Consequently, the environ-
ment of the pseudoreference electrode is not changed during
the measurement, and a stable potential of our pseudoreference
electrode is ensured.
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for a laser excitation energy which matches the maxi-
mum intensity within the resonance window of a given
tube. If the laser energy deviates slightly from the maxi-
mum of the resonance window, the bleaching of lrgm
changes more slowly with V.. In other words, the reso-
nance window is broadened by the charging of a
SWCNT. In particular, this effect is very strong for the
metallic tube. This broadening of the resonance win-
dow is very important since there is always some natu-
ral doping in SWCNT samples. Since the resonance pro-
file of the SWCNT is dependent on doping, different
resonance Raman enhancement may be obtained for
the same SWCNT in different nanotube samples due to
different levels of doping of the probed tube.

The broadening of the resonance profile is sug-
gested to be a consequence of the broadening of van
Hove singularities/excitonic levels due to electrochemi-
cal charging. The broadening of van Hove singularities/
excitonic levels is consistent with bleaching of the RBM
Raman intensity signal, and it is believed to be the most
important reason for the change of the resonance en-
hancement during electrochemical charging. Some
change in E; is also observed, but its effect on the
bleaching behavior of the Raman signal is minor.

The change of the resonance profile also has impor-
tant practical consequences as, for example, on the
guantitative determination of the amount of a given
(n,m) tube that is contained within a given nanotube
sample. This is because the presence of carriers will
have a different effect on the /ggy at different laser exci-
tation energies. For example, the ggy of a metallic tube
for which the laser is close to its maximum in the reso-
nance profile will be strongly bleached by natural dop-
ing, and thus the amount of this particular nanotube
present in a given sample when evaluated on the ba-
sis of a measurement of the Iggy Might be strongly un-
derestimated if, for example, the SWCNTSs are doped by
oxygen in the air.

The Raman spectra were excited by a dye laser (R6G dye,
Coherent), a Ti:sapphire laser (Coherent), or a Nd:YAG laser
(Coherent). The spectrometer resolution was about 5 cm™".
The spectrometer was interfaced with a microscope (Carl-
Zeiss, objective 100X). The diameter of the laser spot was
about 0.5 pm.
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